Abstract. A mutant inbred line of Zea mays L. (Mll) in which chlorophyll accumulation is particularly sensitive to low temperature is described. Under natural light conditions the chlorophyll content of seed-lings is negligible below 170 (Brink, personal communication) and in appearance they resemble tropical griass seedlings which are slow growing and often chlorotic at low temperature (8).
A mutatnt inbred line of maize (\111) which is unusually sensitive to low temperature has been described by McWilliam and Griffing (10) . This mtutant has a high temperature threshold for chlorophyll accunmtlationi (approx. 1/7°) and below this temperature. although the chlorophyll content is essentiall-zero. development and morphology of the plants are normiial and seedlings die only when seed reserves are exxhausted.
Temperature-sensitive chlorophyll mutants of this type have been observed in maize inbreds under field conditionis during the early spring (Brink, personal communication) and in appearance they resemble tropical griass seedlings which are slow growing and often chlorotic at low temperature (8) .
The maize mutant Ml1 has been examined to determinie the influence of temperature on chloroplhlvl accumtulation and chloroplast development, and in this paper wN-e describe the role of temperature and liglht in the production of chloroplast pigments.
Materials and Methods
The temperature-sensitive mutant line (WIN 11) of maize (Zca uiways L.) used in these experiments was derived froImi a commercial inbred line All other experiments were conducted in artificially lit growth cabinets at either low (160) or high (27°0) temperature in continuous light at low intensity (300 ft-c), supplied by Phillips TL MF 125 W fluorescent tubes and incandescent lamps. Low light intensity was used to reduce the photooxidation of chlorophyll which occurs in maize grown at low temperature (11) .
To separate the effect of low temperature on the expanding leaves (cell expansion phase) from its effect on the developing apex (cell division phase), seedlings were grown in an aerated, temperaturecontrolled, nutrient solution bv supporting them in a thick polyurethane sheet wvhich formed an insulated shield over the top of the nutrient tank. Seedlings Greening under these conditions was confined to the leaves which had developed at high temperatuire. The effect of low temperature on the shoot apex as distinct from its effect on the expanding leaf. or on the leaf and apex together, is illustrated in table IV. The chlorophyll content of Ml l has been expressed as a percent of the F1 (K4 x Mll) which was grown over the same series of temperattre combinations. The second leaf was used for the chlorophyll assay. as much of its development, and certainly that of the lower half of the blade occurred during the temperature treatments.
In Mll the temperature experienced at the shoot Apex, a region of dividing cells, largely determined the amoint of chlorophyll accumulated in the second leaf. When the apex was maintained at 270, the base of the second leaf was green, irrespective of the temperature at wlhich it developed. On the contrary, when the apex was at 16', the base of the second leaf was essentially devoid of chlorophyll. The upper half of the second leaf which had partlv differentiated before exposure to the various temperature treatments behaved in a different fashion. It accumulated chlorophyll slowly when exposed to 16 ', because of its partial development at 27', whereas at 27' substantial greening occurred. In the mutants this recovery at high temperature was restricted to immature leaves, and was considerably slower than in normal seedlings. Varying the root temperatures in these experiments affected growth rate, but had no ;nfliience on chlorophyll accumula- Table IV . Effect of Temiiperatuire Durintg Early Development on Chlorophyll Conitentt of the Secontd Leaf Seedlings of Mll and the F1 (K4xM11) were grown in the dark at 160 and transferred to light (300 ft-c) when the first leaf was 5 cm long. Seedlings were supported in the polyurethane seal of a temperature-controlled tank. Seedlings were placed so that the leaves and apex were above the seal, and at the temperature of the cabinet, or the apex was belowr and the leaves above. The temperatures of the tank and cabinet were varied independently. 4 day treatments. Under these conditions chlorophyll a accumulated but no chlorophyll b could be detected. Althouigh K4 and the F1 are not equivalent controls, and seedling size varied slightly between experiments, the reduced rate of chlorophyll production in Ml1 is quite apparent, and reflects the rate of protochlorophyll synthesis during this early stage of development. Application of delta-aminolevulinic acid to the leaves of Mll before exposure to intermittent light at 160 caused the accumulation of protochlorophyllide as has been obsierved wvith other plants (6) .
Despite the reduced rate of chlorophyll synthesis in Mll, the amount accumulated after 96 hr of intermittent light was quite appreciable, and sufficilent to cause visible greening of leaves, which continued whein the plants were transferred to low light intensity at 160. In addition to lower protochloroplvll-1 synthesis, the level of carotenoids was also lower at 160. At 270 there wN-as an equivalent concentration of carotenoids in dark grown seedlings of MI11 and the F, btut at 16°the mutant had half the concentration of carotenoids present in the F1, (table VII). One feature of the mutan,t seedlings was the high carotenoid content of the tips of leaves etiolated at 160. This was consistent with the observation of chlorophyll in these regions of material grown at 16°under lowr light. In this respect low temperature-sensitive mutants differ from the more common clhlorophyll-deficient mutants (albinos) which express at all temperatures, and are invariably lethal when homozvgous.
Low temperature sensitivity as expressed in MI11 is fairly specific, affecting particularlv the accumulation of chlorophyll and other pigmnents (carotenoids) associated with greening. Development in all other respects appears normal, and the early growth rate based on seed reserves was equal to and often superior to many other inbred lines which Nere able to synthesize chlorophyll at low temperature.
The pattern of segregation in controlled crosses suggests that the capacity to accumulate chlorophyll at low temperature is under the control of at least 3 genes. Gene mutations leading to chlorophyll deficiency are common in maize (4) and in the case of temperature sensitivity, probably represent a qualitative or quantitative change in the expression of the gene at low temperature. The tem)perature sensitivity of M1l1, however, may represent the true ancestoral condition, and the genes which restore chlorophyll formation at low temperature may w-ell have evolved through natural selection alonIg \with the domestication of maize and its cultivation further north from its original habitat in the tropics. The widespread occurrence and variable expression of the condition in inbred lines presunmably results from the loss of restorer genes during tlle process of inbreeding.
Thle priimarv site of the low tepl)eratuire sensitivity in MIl 1 appears to be located niear the slhoot apex where bcasal mleristemiis of the lea-es are dleveloping aand undergoing rapid cell division. Experiments with seedlings grown with a large temlperatuire differential betw-een various combinations of root, apex and shoot, in(dicate that the pattern of greeninlg in the developing leaf is a reflection of the temperature at the shoot apex, and not of the leaf itself. This is also evident froimi the rapid greening of AMl1 seedlings in the light at low temperature following etiolation at 270. Chlorophyll formed at low temlperature as at result of either method of pre-treatment is apparently normal and is stable in the light. Davies (5) . In these mutants the loss of photosynthetic capacity resulted in the photodestruction of chlorophyll in the light unless glucose was supplied as a carbon source. A similar treatnment applied to Mll at low temperature had no effect on chlorophyll accumulation in the light.
It would appear from these results that the absence of chlorophyll in Mll seedlings growin below 170 in the light, is due to the impaired development and functioning of chloroplasts at lowN, tem11peratUre, and an associated increased sensitivity to photo-oxidation. In I111 the severity of photo-oxidation at low light intensity was equivalent to that reported by-McWVilliam and Naylor (11) in hybrid maize at 16°in high light intensity. This increased sensitivitv in Ml 1 may be due to the lower level of caroteinoids and slower rate of chlorophyll synthesis. It may also indicate that the plastids of the muttant seedlings are sensitive to photodestruction as is suggested hv the lack of recoverv of light growln leaves of M 1 seedlings when transferred from 160 to 270.
The detailed structure of the plastids of MII is the subject of a further communication.
